Nuclear-resonance spectra of phosphatidylcholine (PC) vesicles are broadened by spin-labeled PC.
300C. We now report that the translation step for lateral diffusion in PC bilayers is at least eight orders of magnitude more frequent.
MATERIALS AND METHODS
Didihydrosterculoyl PC. Dihydrosterculic acid is a derivative of oleic acid in which a cyclopropane ring replaces the double bond; it was prepared as follows (2, 3) . Anhydrous diethyl ether (120 ml) was added to a three-necked 500-ml flask containing 51.8 g of Zn dust and 78.3 g of CuCL. The mixture was refluxed with mechanical stirring for 30 min under dry nitrogen. Methyl oleate (30 g) and then CH2I2 (27 ml) were introduced and the mixture was stirred at reflux for 90 min more. The mixture was allowed to cool, filtered by gravity, and centrifuged. The supernatant was diluted with diethyl ether to a total volume of 300 ml, extracted twice with 300 ml of 5% (w/v) HCl, twice with 300 ml of water, and twice with 300 ml of 5% (w/v) sodium sulfite, then dried over anhydrous MgSO4 and concentrated under reduced pressure to a clear yellow oil (23 g). Part of the oil (20 g) was dissolved in 200 ml of toluene, applied to a column of 500 g of Silica Gel (Grace) in toluene, eluted with toluene, concentrated under reduced pressure to a clear colorless oil (18 g ), and dissolved in 75 ml of absolute ethanol containing 4.3 g of KQH. The mixture was heated at reflux for 5 hr, allowed to cool, and diluted with water to a total volume of 500 ml. The pH of the solution was adjusted to 1.5 by dropwise addition of concentrated HCI with magnetic stirring. A white precipitate was collected by suction filtration, dissolved in absolute ethanol, concenAbbreviation: PC, phosphatidylcholine. trated under reduced pressure, dissolved in toluene, and concentrated again under reduced pressure. The residual oil was dissolved in 150 ml of pentane and filtered by gravity. White crystals (11 g) of dihydrosterculic acid were collected from the filtrate at -20'C: mp(uncorr) 39-41oC; IR(KBr) band at 1020 cm-' (cyclopropane ring), identical with published spectra (4) Glycerylphosphorylcholine from egg PC was acylated with dihydrosterculic anhydride in the presence of sodium dihydrosterculate (5).
Miscellaneous. The preparations of spin-labeled PC and egg PC, and the preparation of PC vesicles were as previously described (1) from egg PC with snake venom phospholipase (Crotalus adamanteus, Pierce Chemical Co.).
RESULTS
Spin-Labeled PC Is Stable in Didihydrosterculoyl PC Vesicles. Throughout this work we have used the spin-labeled PC vesicles that result from prolonged sonication of PC with spinlabeled PC in salt solution. Attwood and Saunders (7) and Huang (8) have found that prolonged sonication of egg PC produces particles of 2 X 106 weight-average weight and 12.5 nm (125 A) hydrodynamic radius. We found in previous work (1) that a 5-mol % admixture of spin-labeled PC does not alter these features of egg PC particles. We concluded from the contained volume for disaccharides and ratio of internal to total spin-labeled PC molecules that each particle is a vesicle with one bilayer membrane.
Spin coupling of spin labels with free-radical intermediates in the peroxidation of unsaturated fatty acids.
We have used didihydrosterculoyl PC not only because it is resistant to peroxidation, but also because we think a didihydrosterculoyl PC vesicle must closely resemble in its physical properties the vesicles of PC from natural sources [we expect didihydrosterculoyl PC vesicles and dioleoyl PC vesicles to be very much alike, and dioleoyl PC vesicles are known to resemble egg PC vesicles in such physical properties as the temperature and cholesterol dependencies of their glycerol permeabilities (9)1.
Lateral Diffusion is Rapid; Intervesicle Exchange and Fusion Are Slow. The effect of spin-labeled PC on a proton-resonance spectrum of didihydrosterculoyl PC vesicles is shown in Fig. 1 . The broadening of the N-methyl proton line is striking. It is possible to determine from a plot of N-methyl proton linewidth versus mol % spin-labeled PC whether lateral diffusion occurs (case 1) or not (case 2). For case 1 and small values of the mol % spin label, the plot may be linear (13) . For case 2, the plotwill varywith the strength of the interaction between N-methyl protons and spin label; we can specify a range of possible values of the strength of the interaction, so we can specify a family of possible plots. These predictions are compared with data on six PC vesicle preparations in Fig. 2 . Evidently case 1 applies.
Whatever is the mechanism of lateral diffusion, its rate can be expressed in terms of the length of time two molecules are nearest neighbors. Let TM be the length of time a PC molecule and spin-labeled PC molecule are nearest neighbors. The slope of the linear plot in Fig. 2 is related toTM by sH = q/ [314(&m + T HM)] (1) where S is the slope (the subscript 2 refers to a plot of linewidth versus mol % spin label; the superscript H denotes Nmethyl proton resonance), q is the number of PC molecules that are nearest neighbors of a spin-labeled PC, and THM is a linewidth parameter for the N-methyl proton resonance of PC molecules nearest a spin-labeled PC (13) . The limiting aWe refer to peak-to-peak amplitudes of the low-field lines in spectra recorded at 0oC. Fig. 3 and Table 1 . The temperature study excludes a slow exchange case. All of the data are consistent with a fast exchange cased. We therefore proceed with statements 2b, which imply TM << q/ (314 S2). Taking q to be 6 and substituting the largest value of SH from An exchange of spin-labeled PC between vesicles would give the appearance of lateral diffusion in our experiments; the observations we have attributed to lateral diffusion would be due entirely to the exchange process if exchange were rapid enough.
Put differently, the duration (Trm) of an encounter between PC and spin-labeled PC is limited by the residence time, TR, Of spin-labeled PC in a vesicle; the observations we have attributed to lateral diffusion would be due entirely to exchange between vesicles if TM were equal to TR. We have found TM to be much shorter than 3.4 X 10-4 sec. We can estimate TR from time-dependent features of the N-methyl proton resonance of a mixture of spin-labeled PC vesicles and pure PC vesicles. The exchange of spin-labeled PC between vesicles leads to a broadening and diminution of peak height of the N-methyl proton line of the pure PC vesicles. It is easy to monitor the N-methyl proton line of pure PC vesicles in a mixture with 15 mol % spin-labeled vesicles because the Nmethyl proton line of 15 mol % spin-labeled vesicles is too broad to be observed. The results of mixing equal quantities of 15 mol % spin-labeled vesicles and pure PC vesicles are shown in Table 2 . It follows from the peak heights at 125 min of samples A and B that' TR > 28 hr. So, TR iS many orders of magnitude longer than TM, and we conclude that the observations we have attributed to lateral diffusion are not due in any part to exchange between vesicles.
The fusion of spin-labeled vesicles with pure PC vesicles would also cause a diminution of the peak height of sample B in Table 2 '. Small amounts of lyso PC induce the fusion of various animal cells (15), so we thought the addition of 10 mol % of lyso PC might enhance the diminution of leak height of sample B. Instead we found no diminution at all (compare peak heights of sample C at 5 min and 125 min"). We know the lyso PC we added was taken up by the vesicles because the N-methyl proton line of lyso PC alone (2.5 mM; buffered salt solution and nuclear-resonance measurements as in Table 2 ) is 2 Hz wide and 36 units high and the N-methyl eTR may be different for molecules on the two sides of a vesicle membrane. Consider the limiting cases of equal rates of exchange for molecules on both sides of the membrane and exchange of the molecules on one side only. In either case, the exchange process involves a population of molecules with 15 mol % of spin label at zero time (class 1) and a population with no spin label at zero time (class 2). Classes 1 and 2 have equal numbers of molecules, so both have 7.5 mol % of spin label at equilibrium. It follows from simple exchange kinetics that TR = 2t/ln [ where C is the mol % of spin label in class 2 at time t. The peak height of the N-methyl proton line is a measure of C (the Nmethyl proton lines of 7.5-15 mol % spin-labeled vesicles are so broad that the contribution to the peak height from class 1 is never detectable). The peak height when C is zero should be 4 times the peak height when C is 1 mol % (the peak height of pure PC vesicles is 4 times that of 1 mol % spin-labeled vesicles). Let t1 be the time when C is 1 mol %. If the exchange rates of molecules on both sides of the membrane are equal, then the peak height at time t1 of sample A in Table 2 proton line of a mixture of lyso PC and 15 mol % spin-labeled PC vesicles [2.5 mM lyso PC-25 mM (PC plus spin-labeled PC); buffered salt solution and nuclear resonance measurements (5 min after mixing) as in Table 2 ] is too broad to be observed. We conclude that 10 mol % of lyso PC does not induce the fusion of spin-labeled and pure PC vesicles.
A Nuclear Resonance Linewidth Is Evidence of Internal Motion in PC Vesicles. Internal motions of phospholipid molecules may be a factor in the lateral diffusion rate. Motions of the hydrocarbon chains of didihydrosterculoyl PC are revealed by the cyclopropane methylene proton resonance. This resonance is sufficiently well resolved (Figs. la, 4a) for its width to be determined. The width is field-dependent: it is 15.9 Hz at 600C and 60 MHz, and 18.3 Hz at 600C and 100 MHz. By a linear extrapolation we find the field-independent part of the width to be 12 Hz at 600C0. About 9 Hz of this is due to unresolved multiplet structure (Fig. 4b) . The residual width, 3 Hz, must be largely due to dipolar coupling of the cyclopropane methylene protons. If there were no motion of the cyclopropane ring, this width would be 3 X 104 Hz'. So, there must be motion of the cyclopropane ring, which may arise from confonnational isomerizations of the hydrocarbon chain or rotation of the PC vesicle. The more rapid of these motions will account for the small residual width that we observe. We find no dependence on the viscosity of the aqueous phase and conclude that hydrocarbon chain isomerizations and not vesicle rotation account for the small residual widths. Thus, the frequency of hydrocarbon chain isomerizations must be greater than the frequency of vesicle rotation, which is 1.2 X 106 sec at 60'C (see Appendix).
h The N-methyl and hydrocarbon-chain methylene proton linewidths of egg PC vesicle are proportionals to field strength (12) . We assume this is true of the cyclopropane methylene proton linewidth as well. This is 3 A/r3, the separation of the lines in a powder spec- 
DISCUSSION
The mechanism of lateral diffusion is not known. The translation step may be a pairwise exchange of nearest neighbors. The length of the step would be the distance between nearest neighbors; this is 0.9 nm (9.1 A) in a PC bilayer (17) where y is the nuclear magnetogyric ratio, r (in A) is the distance of closest approach of the nucleus and unpaired electron, and r, is the electron-nuclear correlation time (18) . In experiments on vesicles, T0 cannot exceed the correlation time for vesicle rotation, which we calculate (from the Stokes-Einstein relation for a sphere of 12.5 nm (125 A) radius in water) to be 1.4 X 10-6 see at 350C and 0.84 X 10-6 see at 600C. We have used Eq. 4 to write an N-methyl proton line shape function, g(v), for spinlabeled PC vesicles in the case of no diffusion: 
